The processing conditions for preparing well dispersed silica-graphene nanoplatelets and silica-graphene oxide nanoplatelets (GONP) composites were optimized using powder and colloidal processing routes. Fully dense silica-GONP composites with up to 2.5 vol% loading were consolidated using spark plasma sintering. The GONP aligned perpendicularly to the applied pressure during sintering. The fracture toughness of the composites increased linearly with increasing concentration of GONP and reached a value of ∼0.9 MPa m 1/2 for 2.5 vol% loading. Various toughening mechanisms including GONP necking, GONP pull-out, crack bridging, crack deflection and crack branching were observed. GONP decreased the hardness and brittleness index (BI) of the composites by ∼30 and ∼50% respectively. The decrease in BI makes silica-GONP composites machinable compared to pure silica. When compared to silica-Carbon nanotube composites, silica-GONP composites show better process-ability and enhanced mechanical properties.
Introduction
Graphene is being considered as a reinforcing agent for various composite systems due to its mechanical, electrical and thermal properties [1] [2] [3] . Graphene itself However, graphene apart from having similar properties to CNTs also has additional advantages such as: high specific surface area [29] ; and less tendency to tangle, which makes it easier to disperse in a matrix (whereas CNTs usually require surface modification [20] ). Graphene is also relatively easy to produce, inexpensive and potentially less toxic compared to CNTs [30] . Recently Tapaszto et al [31] . compared the mechanical properties of silicon nitride-CNTs and silicon nitride-graphene composites with 3 wt% loading. According to their results, graphene was easy to process and disperse compared to CNTs, it also produced better mechanical properties. Similarly Walker et al [32] reported an improvement of ∼235% in fracture toughness of silicon nitride-graphene (1.5 vol%) composites, while Fan et al [33] reported an electrical conductivity of 1000 S m −1 with the addition of only 2.35 vol% graphene to an alumina matrix. In view of these encouraging results, the use of graphene to produce reinforced inorganic matrix composites has great unexplored potential.
In the present study, graphene nanoplatelets (GNP) and graphene oxide nanoplatelets (GONP) reinforced silica composites were prepared. Firstly, dispersion of GNP and GONP in the silica matrix were optimized with reproducible results using different processing routes, namely powder and colloidal processing. Secondly, composites with different volume fraction of GONP were prepared and their mechanical properties characterized. Spark plasma sintering (SPS) was used to rapidly consolidate the composites, thus minimizing any structural damage to GNP and GONP during high temperature sintering [34] . The results and discussion make reference to the corresponding results reported in the literature for silica-CNTs composites [35] . Finally, the machinability of silica-GONP nanocomposites was investigated and compared with that of pure silica.
Experimental section

Synthesis of GNP
GNP was synthesized using a liquid phase exfoliation method. Graphite (Sigma Aldrich) was mixed with solvent n-methyl pyrrolidone (NMP) and sonicated (CV33 flat probe sonic tip, 50 W, 25 kHz) for 20 h in an ice bath. After synthesis the prepared GNP suspension was filtered using a vacuum filtration unit and re-dispersed in solvent dimethyl formamide (DMF) and sonicated for 20 min. After sonication, the suspension was centrifuged at 500 rpm for 45 min (Centurion Scientific) in order to remove the un-exfoliated graphite. The top 80% of the supernatant was separated by pipet after centrifugation [36] . It should be noted that NMP was used as a solvent for the exfoliation process because of its higher boiling point ∼200
• C, whereas DMF was used for processing of the powders because of its lower boiling point ∼80
• C thus enabling easy drying [37] . Also, commercially available GONP powder (Nano-Innova) was used to produce composites.
The prepared GNP was characterized using Transmission Electron Microscope (TEM) (JEOL JSM-2010, 200 kV), Raman (Renishaw inVia Raman microscope, laser power 12.5 mW, 514 nm argon laser) and UV-visible spectroscopy (Perkin Elmer-Lambda 950) as described elsewhere [36, 38, 39] .
Composites powder preparation
In order to prepare homogeneous and well dispersed powder mixtures, two different processing routes were attempted: powder and colloidal processing. We tried fabricating composites using both GNP and GONP because they are expected to behave differently in the silica matrix. GONP is expected to show good dispersion and better interfacial bonding in the silica matrix compared to GNP.
Powder processing.
To prepare well dispersed silica-GNP composite powders, the already prepared GNP suspension was diluted with DMF to a concentration of 1 mg ml −1 and sonicated using a sonication bath for 2 h. After sonication, commercially available silica powder (Sigma Aldrich, 20 nm) was added to the prepared suspension, and the slurry was ball milled at 350 rpm using a QM planetary ball mill (Nanjing University Instrument Plant) for 4 h with a powder-to-ball weight ratio of 1:20. After milling, the prepared slurry was dried on a hot plate at 80
• C for 12 h. The dried mixture was grounded and sieved using 250 mesh followed by drying in vacuum oven at 80
• C for another 2 days.
Colloidal processing.
In order to prepare silica-GNP and silica-GONP composite powders using colloidal processing route, suspensions of GNP, GONP and silica were prepared separately. First, GNP/DMF [37] and GONP/ethanol suspensions were sonicated for 4 h in order to obtain good dispersion and exfoliation of GNP and GONP powders in the solvents. The concentrations of the suspensions were 1 mg ml −1 . Similarly silica/DMF and silica/ethanol suspensions with concentrations 30 mg ml −1 were prepared by sonication for 2 h. Already prepared GNP and GONP suspensions were added drop wise to the silica suspensions with magnetic stirring (200 rpm). After 2 h of magnetic stirring suspensions were dried on a hot plate at 80
• C for 12 h. Similar to the powder processing method, the dried mixtures were ground and sieved using 250 mesh followed by drying in vacuum oven at 80
• C for another 2 days. It should be noted that ethanol was used as a solvent for preparing GONP suspensions because in our initial experiments for preparing stable dispersions of GO using different solvents (DI water, ethanol) ethanol gave the best result. Zeta potential (Malvern Instrument-Nano ZS) measurements in the case of GONP and silica in ethanol gave the values of −5.36 and −5.61 mV respectively. Similar charge on the surface of both GONP and silica avoided the agglomeration of the particles during processing and helped in the good dispersion of GONP in the silica matrix. Similarly DMF was used as the processing solvent because of the good solubility of GNP in DMF.
Silica-GNP/GONP composites sintering and characterization
Silica-GNP and silica-GONP composites were densified using an SPS furnace (HPD 25/1, FCT systems, Germany, Furnace) at 1200
• C (heating, cooling rate 100 and 50 o C min −1 respectively) with simultaneous application of 50 MPa pressure for a dwell time of 7 min. The pressure was raised during heating (1100-1200
• C) from 12 to 50 MPa, and then linearly decreased in 6 min at 1200
• C. The samples were ground and polished using SiC papers down to 4000 grit and diamond suspensions. The bulk densities of the prepared composites were measured using Archimedes' method. The theoretical densities were estimated using the rule of mixtures and taking the densities of silica to be 2.2 g cm −3 and GNP, GONP to be 2.1 g cm −3 [14] . The dense composites were characterized using scanning electron microscope (SEM) (JEOL JSM-6300), x-ray diffraction (XRD) (Siemens Diffraktometer-D5000) and Raman spectroscopy.
The machinability of dense silica and silica-GONP composites was evaluated by drilling the polished samples using a high speed rotating WC-Co driller. The rotation speed of the drill was 560 rpm and the contact load was controlled by hand in order to inhibit the bending of drill. The drilled surfaces of the samples were examined by SEM.
Mechanical testing 2.4.1. Chevron notch fracture toughness measurements. The
Chevron notch technique was used to determine the fracture toughness of the nanocomposites with the crack direction perpendicular to the oriented GONP. Chevron notches with the top angle of 90
• were introduced into each bar (rectangular cross-section of 2 mm ×3 mm) as recommended for fracture toughness testing according to ASTM standard ASTM C142 (standard Test Method for Determination of Fracture Toughness of Advanced Ceramics at Ambient Temperature, 2002) using an ultra-thin diamond blade on a precision saw, Isomet 5000 (Buehler, USA). The reliability of this approach is described elsewhere [40] . A universal testing machine, Instron 8862 (USA), equipped with a three point bend test fixtures with a span of 16 mm, was used to apply the loading. A cross-head speed of 5 µm min −1 was used in all tests to achieve slow crack propagation during loading. An inductive extensometer was used to measure deflection, and force-deflection curves were recorded. The fracture toughness values were calculated by using the maximum force evaluated from the force-deflection curve and the specimen dimension using the following equation [35, 41] .
where Y * min is the minimum of geometrical compliance function, and B and W are the width and height of specimens, respectively. At least three beams were tested for each composite sample. 
Hardness and elastic modulus.
The hardness values were measured on the polished cross-sections of bars using an instrumented indentation method with Vickers indenter. A standard loading/unloading test mode was used with a maximum load of 9.8 N (Zwick/Roell ZHU/Z2.5, Germany). The Martens hardness (HM) was calculated automatically by dividing the maximum test force P by the surface area of the indenter penetrating beyond the original surface of the test piece. It should be noted that because the properties of silica-GNP and silica-GONP composites were anisotropic due to alignment of GNP and GONP, all of the composites were tested on a surface with a normal parallel to the pressing direction of SPS.
The elastic modulus has been determined on the polished test bars 2 × 3 × 20 mm 3 by the resonance method using GrindoSonic Mk5i (JW Lemmens N.V., Belgium) and at least ten readings were taken for each sample. Brittleness index (BI) was measured using equation
3. Results and discussion Figure 1 shows relative piston travel, shrinkage rate, pressure and temperature profile recorded by the SPS furnace during sintering of pure silica. Silica-GNP and silica-GONP composites were prepared at 1200
• C [35] . The use of a short dwell time of 7 min avoided any structural damage of the GNP and GONP as determined by Raman spectroscopy. By analysing the sintering curves (not shown), no obvious change in the sintering behaviour was observed for silica-GNP and silica-GONP nanocomposites (0.5-2.5 vol%) in comparison to pure silica. As shown in figure 1 , the powder started to densify at 500
• C and a sudden increase of the shrinkage was observed at 1100
• C due to the increased application of pressure. Table 1 lists bulk and relative densities of the composites with 2.5 volume fraction of GNP and GONP. Density measurements confirmed that the composites were nearly fully dense. As seen in figure 2(a), the XRD patterns Table 1 . Bulk and relative theoretical densities of prepared silica GNP/GONP (2.5 vol%) composites along with processing methods, solvents and sintering conditions. All the samples were sintered at 1200
• C under 50 MPa for 7 min. The quality of the GNP dispersion is also qualitatively described. show completely amorphous phase for pure silica, and a crystalline carbon peak is observed at 26.3 o for the silica-GNP and silica-GONP composites [42] . Also there is no detectable second phase or silica crystallization confirming that there was no reaction between silica and GNP/GONP during sintering. Raman spectroscopy was used to verify the structural integrity of both the GNP and GONP in the silica matrix after processing and sintering. The typical three peaks at ∼1350 cm −1 (D band), ∼1585 cm −1 (G band) and ∼2700 cm −1 (2D band) are observed for GNP and GONP [43] in figure 2(b) . Raman spectra of pure GNP and GONP are compared to the silica-GNP and silica-GONP nanocomposites, and there is no detectable change in the position and intensity of D and G peaks, thus confirming that GNP and GONP were not damaged during sintering. Also the I D /I G ratio was slightly higher for GNP (0.3) than silica-GNP composites (0.22 and 0.14) respectively, suggesting that partial agglomeration of GNP during processing reduced the D peak intensity due to edge defects. Also I D /I G ratio of GONP (1.075) is higher compared to GNP (0.3) due to a reduction in size of sp 2 domains and an increase in sp 1 domains because of oxidation [44] . High temperature (1200
• C) processing in vacuum did not reduce the GONP to GNP, in fact there was no significant change in the I D /I G ratio for the starting GONP (1.075) compared with spark plasma sintered silica-GONP composites (0.98). Interestingly, silica-GONP composite were Raman inactive (figure not shown) when observed in the direction perpendicular to the SPS pressing. Thus, confirming the preferential alignment of GONP in the silica matrix.
In order to evaluate the quality of dispersion, the fracture surfaces of composites were investigated in SEM. Figure 3(a) shows GNP dispersed in the silica matrix using the powder processing method and DMF as solvent. It shows fair dispersion but, there was overlapping of GNP in the composite, which appeared thicker compared to the starting GNP [39] . The overlapping could have occurred during drying of the samples, and has been reported in literature by other researchers [33, 45] . Although good dispersion was observed in the case of powder processing, the absence of surface functional groups on GNP prevented any interaction between GNP and silica matrix during the powder processing resulting in overlapping of the flakes. Figure 3 dispersion of GNP in silica matrix as prepared using the colloidal processing route and DMF as the solvent. The GNP is heavily agglomerated but these agglomerates are uniformly distributed throughout the silica matrix. It should be noted that no interaction between GNP and silica, and slow mixing (magnetic stirring) promoted agglomeration in the case of composites prepared using DMF and colloidal processing, while shear mixing during ball milling promoted good dispersion of GNP in the silica matrix, using DMF and powder processing route. In agreement with the density measurements in table 1, residual porosity was evident in the colloidally processed GNP composites, which was promoted by the GNP agglomerates and the associated interfacial cracking. Figure 3(c) shows dispersion of GONP in the silica matrix using the colloidal processing route and ethanol as the solvent. The best results were obtained with this method because the oxide layer in GONP tends to form good cohesive bonds with oxide matrices such as silica, thus avoiding undesired GONP overlapping. Interestingly, alignment of GNP and GONP was observed in the silica matrix in a direction perpendicular to the applied force. Alignment of the GNP and GONP can be attributed to their high specific surface area and two-dimensional (2D) geometry. The preferential alignment of GNP and GONP will result in anisotropic properties of the prepared composites [46] . In order to assess the ease of processability of GNP compared to CNTs, silica-GNP and silica-CNTs composites were prepared using the powder processing route and DMF as the solvent (see experimental section). The results show that under similar processing conditions CNTs were heavily agglomerated and poorly dispersed ( figure 3(d) ), while on the contrary GNP exhibited good dispersion and alignment ( figure 3(a) ) in the silica matrix.
Silica-GONP composites prepared by colloidal processing showed the best dispersion results compared to all of the composites. For this reason, nanocomposites with increasing content of GONP of 0.5, 2 and 2.5 vol% were prepared. The effect of GONP content on the fracture toughness of silica was investigated. A fracture toughness of 0.67 MPa m 1/2 was measured for pure silica sample. The fracture toughness of the composites increased linearly with increasing content of GONP (figure 4) and reached a value of 0.89 MPa m 1/2 for 2.5 vol% loading, corresponding to an increase of ∼35% compared to pure silica.
In order to understand the toughening mechanism of GONP compared to CNTs, the fracture toughness values of as prepared silica-GONP composites are compared to silica-CNTs composites from the literature, which were sintered, processed and characterized using similar conditions [35] . Silica-GONP composites had a toughness value of 0.89 MPa m 1/2 for 2.5 vol% loading while silica-CNTs composites had a similar value of 0.92 MPa m 1/2 for 7.5 wt% (9.67 vol%) loading, although the measured fracture toughness of pure silica was ∼0.6 MPa m 1/2 [35] compared to 0.67 MPa m 1/2 in the present work. Thus, in order to achieve a fracture toughness of about 0.9 MPa m 1/2 , the necessary GONP loading was three times lower compared to CNTs. This suggests that GONP may be more effective than CNTs in improving fracture toughness. The easier processability and the improved mechanical properties of GONP composites can be attributed to high specific surface area; 2D geometry and better interfacial bonding of GONP compared to CNTs, which have a tendency to tangle and agglomerate.
Toughening mechanism
To investigate the toughening mechanisms of GONP in silica, fracture patterns generated from Vickers indentation were analysed. It was not possible to calculate fracture toughness and hardness values using the micro indentation ( 5 kg) technique because indentation of glass did not generate a well-defined radial/median crack system, but instead chipped and produced ill-defined indentation impressions. By varying the loads (1, 2, 3 and 5 kg) radial cracks were observed. Figure 5 shows SEM images of Vickers indentation fracture surfaces for silica and silica-GONP nanocomposites. Figure 5 (a) shows a typical straight crack path for pure silica. The differential thermal expansion between GONP and silica might have induced local stresses in the silica matrix enabling crack deflection. In fact, during cooling due to negative coefficient of thermal expansion of GONP [33, 47] it expands while silica contracts, generating high residual stresses [48] . These residual stresses might reduce the susceptibility of the glass to fracture. Figure 5(d) shows the anchoring of GONP in between the cracks showing GONP crack bridging toughening mechanism. Figure 5 (e) shows fractured surface obtained by chevron notch showing crack branching toughening mechanism. When crack front interacts with GONP it deviates from its straight path. Crack is not able to propagate through the GONP so it is deflected. The crack deflection promotes energy dissipation through crack branching occurring along the edges of GONP. The inset of figure 5(e) depicts crack branching where GONP is sketched with grey colour and cracks shown with red colour. Crack branching toughening mechanism was observed in polycrystalline-graphene composites as reported in [49, 50] . It should be noted that crack deflection and crack branching were found to be the dominant toughening mechanisms. Figure 5 (f) is the high magnification image showing GONP pull out from silica matrix. The nature of the interfacial bonding between GONP and silica plays an important role in toughening response. Due to the good interfacial bonding between the oxide layers of GONP and silica various toughening mechanism were observed for silica-GONP composites. Table 2 summarizes the chevron notch fracture toughness, Martens hardness (HM), elastic modulus and BI values for silica-GONP nanocomposites. Analogous to CNTs, GONP reduces the elastic modulus and hardness of the glass composites with increasing concentration. The elastic modulus and hardness of the composite decreases by ∼45 and ∼30% respectively for 2.5 vol% silica GONP composite. In the case of CNTs, the reduction in hardness and Young's modulus with increasing concentration of CNTs was attributed to CNT agglomeration in borosilicate glass composites [23] . In the case of GONP silica glass composites, the reduction in both elastic modulus and hardness was even more marked because of the presence of relatively large and weakly bonded graphene planes.
BI can be used to quantitatively determine the machinability of glass ceramics [51] . The lower the BI, the higher the machinability of the glass-ceramics. Interestingly, the increase in fracture toughness and decrease in hardness remarkably decrease the BI of silica-GONP composites. As reported by Boccaccini, the BI of machinable glasses should be lower than 4.3 µm −1/2 [51] . In the case of silica-GONP (2.5 vol%) composites the BI value decreased from 5.24 to 2.86 µm −1/2 , corresponding to a ∼50% decrease compared to pure silica. Figures 6 shows SEM micrographs of drilling indentations on the polished surface of pure silica and silica-GONP (2.5 vol%) composite. The silica-GONP composite exhibited good machinability. In comparison with pure silica, the drilled surface of composite was smoother and there was less debris. Under the shear stresses generated by drilling, the pure silica showed material removal mechanisms by fragmentation and fracture so that the drilled surfaces were coarse (figures 6(a) and (b)). During the drilling test, even under high loading of the drill, material removal was difficult. At longer drilling times, the drilling tip became red hot due to high friction. On the contrary, when drilling the GONP composites, it was found that the material removal was easier and the drilled surface was smoother and flat (figure 6(c) and (d)). As expected homogeneously distributed GONP flakes played an important role in dissipating the shear stresses and local heating in the silica matrix. Micro cracks were easy to emanate and propagate along the relatively weak GONP and silica matrix interface (figure 5). Also there was no significant local increase of temperature at the tip contact point (i.e. no red areas were observed). The addition of GONP produced a reduction in coefficient of friction [52] [53] [54] and an increase in thermal conductivity [46, 55] resulting in both reduced local heating and increased machinability.
Conclusions
To summarize, the processing conditions for preparing well dispersed silica-GNP and silica-GONP composites were optimized using different processing routes including powder and colloidal processing. Using the optimized conditions, well dispersed and fully dense (relative density >99%) silica-GONP composite powders were prepared using a colloidal processing route followed by SPS densification at 1200
• C with 50 MPa pressure. Alignment of GONP in the silica matrix was observed perpendicular to the pressing direction in SPS. There was an improvement of ∼35% in the fracture toughness of the composites with the addition of 2.5 vol% GONP as measured using the chevron notch fracture toughness method. Various toughening mechanism including GONP necking, GONP pull-out, crack bridging, crack deflection and crack branching were observed for silica-GONP composites. GONP induces local stresses in the silica matrix making cracks deviate from their normal straight path, increasing the fracture toughness of the composites. Hardness and BI of the composites decreases by ∼30 and ∼50% respectively compared to pure silica. The addition of GONP to silica matrix enhanced the machinability of silica-GONP composites. Silica-GONP composites show easy processability and better mechanical properties when compared to silica-CNTs composites. This can be attributed to the higher specific surface area and 2D geometry of GONP compared to CNTs, which have tendency to agglomerate. The present study suggests that GONP is an effective reinforcing agent to prepare tougher and machinable glass matrix composites.
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